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ABSTRACT

This paper presents the recent results [1] from the TMX-U
experiment. Many of these results can be divided into two major areas:
(1) axial confinement and plasma potential, and (2) radial transport and
total confinement (i.e., particle balance). Among the key observations to
be discussed are the following: When the ion-confining potential ¢1c is
small, ¢1c/T1 ~ 1-2, the axfal confinement time scales as the theoretical
Pastukhov time. Deep thermal barriers (¢b ~ 0.7 kv, ¢b/Te ~ 6-7) have
been measured, but there 1s no strong correlation between ion-confining
potential and the thermal-barrier depth. By installing a calibrated Ha
emission diagnostic to measure the jonization current [2], we have
quantified particle balance between the fonization source current and the
four plasma current channels: (1) axial losses, (i1) nonambipolar radial
losses, (111) ambipolar radial losses, and (1v) density changes. All
current channels are directly measured except for the ambipolar current,
which is inferred from the particle balance equation. TMX-U operation
above 1-3 x 102 cm3 1s dominated by current channel (i) and below 1 X
1012 cm'3 by one or more of the remaining three channels. Central-cell
particle buildup has been observed for one or two e-foldings and, within
the radial core, found consistent with particle balance.



I. INTRODUCTION

The Tandem Mirror Experiment-Upgrade (TMX-U), which operated from
early 1982 to late 1986 at the Lawrence Livermore National Laboratory
(LLNL), was designed to investigate a complete thermal-barrier, tandem
mirror system [3]. The TMX-U facility contains five major systems:

(1) magnet; (2) vacuum; (3) heating, which includes neutral beams,
electron cyclotron resonance heating (ECRH), and ion cyclotron resonance
heating (ICRH); (4) neutral gas fueling; and (5) diagnostic. Figure 1
11lustrates the TMX-U magnet-coil arrangement; the vacuum vessel; the
location and orientation of the neutral-atom beams, ECRH, and ICRH; the
gasbox; and the key particle balance diagnostics. The central cell has a
magnetic field strength of 0.3 T, and each east and west end-cell magnet
set generates a 2-T quadrupole-mirror field having a 4:1 mirror ratio.
The design of TMX-U was based on a standard tandem mirror experiment, TMX
[4], that was dismantled before building TMX-U. To improve the standard
tandem mirror geometry, we designed TMX-U to test the use of "sloshing"
ions to improve microstability and the production of an electron thermal
barrier to optimize ion-confining potential formation.

Sloshing 1ons are magnetically trapped ions spending much more time
at the axial boundaries of their movements within the end-cell magnetic
field, which leads to a density maximum at their turning point. A thermal
barrier 1s a depression in the potentially confined electron density at
the end-cell midplane generated by magnetically trapped electrons, which
leads to a potential minimum. The two hardware components required to
establish sloshing 1ons and the thermal barrier in TMX-U are neutral beams
aimed at skewed angles (47° and 40°) to the magnetic field axis and ECRH
gyrotrons operating at 28 GHz. Gyrotrons exist at two locations 1n each
end cell: the second harmonic location at the midplane (B = 5 kG) and the
fundamental location near the outer turning point of the sloshing 1ons
(B = 10 kG). The thermal-barrier, axial potential profile is determined
by quasineutrality between both magnetically and potentially trapped
species of fons and electrons within the end cells.

During 1982 and 1983, the production of sloshing ions [5] was
verified, and the thermal-barrier potential profile [6] was initially
measured. While investigating how to extend thermal-barrier operation
from a central-cell (CC) density of 1012 cn3 to 1013 cm'3, the TMX-U
group focused on two major issues: (1) axial confinement and plasma
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Figure 1. This figure shows the TMX-U vacuum vessel, the location and
orientation of the heating and fueling systems, the arrangement of the
magnets, and the key particle balance diagnostics.




potential measurements, and (2) radial transport and total confinement
(i.e., particle balance). MHD and microstability studies within the CC
and end-cell regions were carried out concurrently with both physics
investigations,

In addition to these physics investigations, our major
accomplishments with TMX-U were to:

e Develop neutral beam, ion cyclotron, and electron cyclotron

plasma heating methods [1,7];
e Demonstrate improved fon microstability of a mirror plasma with
sloshing fons [8];
' ® Increase maximum plasma temperature, potential, and confinement
values 1n TMX-U relative to TMX;

® Demonstrate a thermal-barrier configuration at a density of a

few 1012 cm'a; and

® Develop diagnostics specific to studies of thermal-barrier

plasmas.

TABLE I compares the maximum CC parameters achieved in TMX-U to
those achieved in TMX [4,9]. The parameters of TABLE I were not achieved
simultaneously on one given shot but are provided to 11lustrate the
maximum operating regime of the two experiments. The maximum density ne
and the maximum density with enhanced axial confinement represent
nonthermal-barrier and thermal-barrier operation, respectively, for TMX-U.
The global energy confinement product includes the stored energy and
radio-frequency (rf) powers of the two end cells as well as the central
cell. TABLE I indicates that the major shortcoming in the TMX-U
parameters was the CC density at which electrostatically enhanced axial
confinement over magnetic alone could be demonstrated. Nevertheless, the
electrostatic enhancement 1n axial confinement for TMX-U exceeded the TMX
value by more than a factor of 5.

TMX-U demonstrated the ability to generate the thermal-barrier axial
potential profile. The axial confinement of the central cell was enhanced
(typically by 10 to 20 times the ionization fueling time, ® 5 ms) from the
resulting electrostatic confining potential. For a small but finite
number of shots and operating days, certain heating and fueling scenarios
led to Tong axial confinement times (i.e., plugging) and concurrently to
Tong radial confinement times (3 or more times the fueling time) so that
particle buildup occurred with the CC density e-folding at a rate equal to
the ifonization rate. Particle buildup could only be sustained for one or



TABLE I. Comparison of maximum central-cell plasma parameters
achieved in TMX and TMX-U?

TMX TMX-U

Maximum density, n, (101§ cm'3) 3 1
Maximum density with’ enhanced axial

confinement (1013 cm'3) 0.5 0.1-0.3
Maximum electron temperature, Tec (keV) 0.1 0.28
Average 1on temperature, Tyc (keV)

Parallel 0.1 0.4

Perpendicular 2.5 2.5
Ion-confining potential, ic (kv) 0.3 pa !
Axial particle confinement product,

Ty (1011 3 s) 1 2
Electrostatic enhancement in axial

confinement 9 50
Global energy confinement product, :

ne1%]°ba] (1010 cm'3 s) 1 2

From: G. D. Porter, Ed., TMX-U Final Report, Lawrence Livermore

National Laboratory, Livermore, CA, UCID-20981 (1987).
hese parameters were not achieved simultaneously on one shot.

two e-foldings up to a CC density of 10]2 cm'3, at which time the axial
confinement degraded (i.e., plugging was lost). Loss of plugging refers
to the degradation of axial confinement from over ten times the {onization
fueling time to approximately equal to the ionization fueling time.

During thermal-barrier operation, mirror-confined and potentially
confined ions and electrons were produced and, within the operating
density limits, satisfied the thermal-barrier requirements. However, the
velocity distributions and/or 1ifetimes associated with the end-cell
species could not be fully controlled by the existing neutral beam and
ECRH hardware. Detailed results of the physics associated with sloshing
fons and hot electrons within the TMX-U end cells are presented in Refs.
[8] and [10]. In the next section (Sec. II), we discuss the thermal-
barrier axial potential profile, supporting potentfal diagnostics, and the
resulting axial confinement. Section III discusses radial transport, key
particle balance diagnostics, and the resulting total confinement.
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II. AXIAL CONFINEMENT AND POTENTIAL PROFILE MEASUREMENTS

This section describes the axial structure of the thermal-barrier
potential profile and 1ts role 1in determining axial confinement.

A. Expected Thermal-Barrier Potential Profile

Linear (e.g., mirror) confinement geometries, unlike toroidal (e.g.,
tokamak) confinement geometries, can support large density gradients along
the magnetic field lines. Potential changes along field 1ines in mirror
machines can be on the order of or larger than the electron temperature.
When mirror-confined electrons are absent, the relationship between
density and potential is given by the Boltzmann relationship

eg(z) = T, en EéZI . (1)

When mirror-confined electrons, n2°t, are present, only the potentially
confined fraction of the total electron density, Ner contributes to the
potential, ¢. Figure 2 defines the expected density and potential axial
profiles for the thermal-barrier geometry, where Ngy is the sloshing-ion

density; ne is the CC density; fgot 1s ngot/ne. z = b is the axial

position of the thermal-barrier potential minimum (nominally the midplane
of the end cell with B = 5 kG for TMX-U); and z = a {s the axial position
of the potential maximum (nomina]ly the outer turning point of the
sloshing ifons having a TMX-U design value of B = 10 kG). The CC
potential, ¢ec' with respect to the end wall is set by the requirement
that loss currents of 1ons and electrons must be equal. The barrier
depth, ¢,,, and the peak potential height, 'p with ¢, = ‘p = §p+ are set by
the requirement of quasineutrality between the total sum of magnetically
and potentially trapped fons and electrons [11]. The CC fon-confining

potential, ’1c' is given by
$ic =% "¢ - (2)
Assuming the electron density at z = a i{s set by the sloshing ions and

defining (1 - f2°t) as the fraction of potentially confined electrons at
z = b, we can functionally describe ¢1c by [1]
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Figure 2. The expected density and potential axial profiles for the
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Equation (3) establishes the importance of the sloshing fons [8] and the
fraction of mirror-confined electrons [10] to the thermal-barrier

geometry.

B. Measured Thermal-Barrier Potential Profile (Diagnostics and Results)

Figure 3 shows the axial profile of the magnetic field, the expected
axial profile of the potential, and the measurement location of the plasma
potential diagnostics. The CC plasma potential diagnostic (PPD) is a
heavy-ion beam probe that determines the potential at the midplane of the
central cell [1,7]. The time-of-flight (TOF) analyzer 1s a charge-
exchange analyzer that measures the velocity distribution function of
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Figure 3. The axial measurement tocation (c) of the TMX-U potential
diagnostics referenced with respect to the TMX-U magnetic field (a) and

expected axial potential profile (b).

neutral particles (D°) emitted from the thermal barrier with kinetic
energy in the range 50 eV { E € 1500 eV and with a pitch angle of 22.5°.
Examination of this distribution function permits identification of phase
space boundaries, which 1n turn determine the potential difference, ’b'
between the end-cell inner mirror and the barrier, and the potential
difference, $ar between the barrier and the peak potential, 'p [12]. The
end-loss 1on spectrometer (ELIS) measures the energy spectrum of the ions,
D+, that are lost axfally [13]. Besides examining the fons leaving the
end-loss plasma out the ends of TMX-U to determine ¢p' we sampled the
plasma potential 1n certain regions of the end cells with three diagnostic
neutral-beam probes (formerly used as pump beams [1]). The squiggles and
broad rectangles in Fig. 3 show the measurement location of the two 18°
(one per end cell) and the one 24° (west end cell only) diagnostic (pump)
beams. All three diagnostic beams were normally operated on H2 (He°
injection) to help differentiate the H' beam fons from the DY plasma ions.
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Because the injection angles are shallow with respect to the magnetic axis
and therefore 1ie within the mirror loss cone, any of the energetic

diagnostic-beam atoms ionized by the plasma in an end cell can travel
through TMX-U and out the other end. These ions arrive at the
electrically grounded ELIS with energy equal to their original beam .
energy, Eb' plus the energy, eg, corresponding to the plasma potential in
the region where they were born. Thus, knowing the original beam energy
determines the plasma potential.

If plasma potential data from the ELIS are plotted against the axial
location of the diagnostic neutral beams within the west end cell, then a
strong case for a thermal-barrier potential depression can be made
(Fig. 4). Three potentials are determined from diagnostic beam 6F (18°)
injected near the fnner sloshing-ifon turning point (z ® 5 m). The first,
which is the one usually obtained, is determined by finding the energy of
the centroid of the signal from the half and one-third energy components
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Figure 4. The end-cell, axial potential profile measurements at 44 ms on
shot 16, August 13, 1986.



of the beam. We assume that this energy determines the potential at the
peak product of plasma density and beam density. Hence, 1t determines the
potential at z = 5.2 m, 1.e., ¢ (5.2) = 0.8 kV. The other two points from
beam 6F, an estimate of the potential extrema over the beam footprint, are
determined using the energy spread in the signal. Two additional points
on the axial profile were obtained from diagnostic beam 2A (24°) aimed at
the barrier midplane (z # 5.6 m). The minimum potential 1s found by
measuring a signal on the west ELIS from a reflected portion of beam 2A.
This signal arises because of the large thermal-barrier depth. The
condition for the existence of a reflected signal from the one-third
energy component (Eb/3), which arises from the break-up of extracted
molecules, depends on the barrier depth and the barrier mirror ratio [1].
The potential obtained from this measurement is indicated by the solid
diamond in Fig. 4 and is assumed to be at the barrier midplane. The
second potential obtained from this beam is determined from the energy
shift of the centroid of the transmitted beam and is shown as the open
triangles 1n Fig. 4. This potential is about 0.1 kV higher than that
measured on the reflected signal. Although no direct method of
determining the axial location of the transmitted beam source exists, we
assume the potential minimum is located at the magnetic field minimum.
Because the transmitted beam indicates a higher potential than the
reflected beam, the data are plotted slightly off the midplane.

The existence of the deep thermal barrier depends strongly on the
second harmonic ECRH power at z = b, B = 5 kG. Available data similar to
Fig. 4 indicate that the barrier depth, between 0.5 and 0.75 kV, rapidly
vanishes when the second harmonic ECRH power 1s turned off. The barrier
depth decreases much more rapidly than the decay rate of the hot electrons
detected by the diamagnetic loops and x-ray detectors in the end cell.

The hot electrons typically decay under most circumstances with a time
constant from ~10 to 100 ms. However, the thermal-barrier potential drops
dramatically in the time between samples on the ELIS, every 0.2 ms. This
difference in decay times suggests that the thermal-barrier potential is
being determined by a low-energy, magnetically confined electron species
[1,10].

Also in Fig. 4, note that the thermal-barrier depth, ¢b= 0.8 kv,
which 1s one of the deepest values observed on TMX-U, was measured during
a shot with marginal axial confinement, Ty The ion-confining potential
(¢1c = ¢, - ¢b), as discussed in Fig. 2, which would be consistent with

10



electrostatic confinement, T, & exp ¢; /T, would indicate ¢, /T, ® 1.
The calculated value, 1ndicated by a triangle in Fig. 4, is consistent
with the potential inferred from the low-energy o’ spectrum on the west
ELIS.

The existence of the very deep thermal barrier, ¢b/Tec & 6-7, on a
shot with marginal axial confinement indicates that the axfal confinement
1s not necessarily determined uniquely by the physics of the thermal-
barrier depth, ’b' This observation should not be too surprising since
$a - fp = $ic determines axial confinement. Nevertheless, there should be
good thermal isolation between the CC electrons and the warm, potentially
confined electrons within the ¢ electron well. Thus, the fundamental
ECRH at z = a, B = 10 kG, together with the sloshing ions, should provide
an fon-confining potential. Because of these data and results from other
shots where 7 does not scale with ¢, [1], we believe that some of the
difficulty in obtaining good axial confinement in TMX-U 1ies with the
absorption of the fundamental ECRH power and the axial profile of the
sloshing ions. .

Next, we discuss axial confinement and potential profiles, with
emphasis on TOF measurements of a and ¢y, which are used to compare
measured and expected T

C. Axial Confinement and Potential Profiles

Axial confinement refers to the axfal particle 1ifetime of the CC
jons,

T=qI ’ (4)

where the total number of CC particles, N, .is given by the CC parameter
product ﬁcr rch; the axial end-loss current of ions, I“, 1s determined
from the Faraday cup (FC) arrays at both ends of the machine; and q 1s the
electron charge. For diagnostic reasons, y is evaluated for the CC
plasma core (rc € 10 cm). Uncertainties and changes in the radial
profiles for n(r) and I(r) have a relatively smaller effect on 4 for the
core compared to the value associated with the plasma column out to the CC
limiter. A Gaussian e-folding radius, o = 20 cm, and a parabolic cutoff
rad1us equal to the CC 1imiter radius, a = 25 cm, give similar results for

n from microwave interferometer measurements.
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An electrostatically enhanced value of o 1s synonymous with the
term "plugging.” Several definitions of plugging exist, but the following
seem to be widely accepted:

1. Strong plugging 1s defined as " > 20 ms. The ELIS diagnostic

has signal-to-noise problems determining potentials when the
axial end losses are lower than the value of ﬁl associated with

U 2 40 ms.

2. Moderate plugging is defined as 10 £ " {20 ms. A Tparticle 2
10 ms was predicted by particle buildup calculations as the

critical value required for neutral-beam buildup within the
central cell [1].

3. Partial plugging is defined as 5 < u ¢ 10 ms. For TMX-U CC
length, Lc = 510 cm, and mirror ratio, Rc = 22/3, the
theoretical predictions for unplugged axial confinement for
¢1c = 0 ({.e., magnetic confinement only with no electrostatic
enhancement) are 1 to 4 ms for densities, N ranging from 5 X
1011 to 2 x 1012 -3 and ion temperatures, Tic' ranging from 50
to 200 ev [1,7].

A very large fraction of the plugging and loss of plugging (LOP)
studies on TMX-U were done with plasmas having n. and T1c as defined
above. Therefore, strong plugging measurements of ) from 50 to 100 ms
are many times (greater than 10) the unplugged, $1c =0 values of 1 to
4 ms. LOP refers to the transition of T from plugging to unplugging
values,

The relationship between axial confinement and potential profiles 1is
explored by comparing the experimentally determined value of T Eq. (4),
to the theoretically predicted value, Tﬁheory. For the TMX-U data
discussed in this paper, the complete theoretical expression [14] can be
approximated by the Pastukhov, coliisionless 1imit

theor ¢ic ¢1c
'r" Y y2r Ty (Ti—c>exp T, (5)

where Tyq ® 106 T"‘/2 (eV) 1s the 90° coulomb collision time for CC ions
with temperature, T1c' ¢1c ¢a ’b' and the factor of 2 is determined by
the CC mirror ratio, R, = 22/3, and by the range in ¢, /T, . values of 21
or 2. The familiar mirror ratio dependence for mirror confinement,

Tyj log R, 1s modified according to Eq. (5) because only ions with energy
exceeding ¢1c can escape axially.
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The TOF analyzer (Fig. 3) [12] can determine the input parameters to
Eq. (5), ¢1c = ’a - ’b and Tic' As discussed earlier, this instrument
measures the velocity distribution of the flux of neutral atoms resulting
from charge-exchange between ions within the thermal-barrier
region of the end cell and neutral particles injected by the sloshing-ion
beam. Figure 5 illustrates the various ion species for a thermal-barrier-
type potential profile and gives a sample energy spectrum measurement from
the TOF analyzer, which helps show how the TOF analyzer can be used to
measure both '1c and Tic' The TOF analyzer is collimated to accept
charge-exchange neutrals from ions with a pitch angle of 22.5° with
respect to the magnetic axis. Because this angle is less than the
magnetic loss-cone angle associated with the mirror ratio, R = 4 of the

®
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distribution
function
(arb)

0.8 1.2
Energy (KeV)

Figure 5. The interpretation of potential measurements with the
time-of-flight (TOF) diagnostic.
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end cell, sin”! (1/vR) = 30°, the velocity distributfons of all three end-
cell ions are measurable: (1) the trapped ions within the thermal-barrier
potential; (2) the passing ions, which are confined by $ic and can pass
between the central cell and the outer confining potential peak; and (3)
the loss-cone ions from the central cell, which are not confined by the CC
phase space boundary determined by '1c and R..

Each region of Fig. 5 with a different slope and associated break
between adjacent regions corresponds to the ion velocity distribution of
one of the three end-cell ion components. To convert a break, Ebr' in the
TOF spectrum of the ion velocity distribution to a potential difference,
$, Or $, we must use Eq. (6):

B .
5 = Ep, (1 - B—:- sin zz.5°> \ (6)

where &6¢ is either ¢ , or ¢ ., B, 1s the magnetic field at which the
potential difference, ¢a or ¢b' reaches a maximum; Bb is the magnetic
field at the thermal-barrier location (5 kG), and 22.5° is the TOF line-
of-sight angle. By fitting the distribution within the passing ion region
by a Maxwellian, the value of T1c 1s determined.

Unfortunately, the interpretation of the TOF spectrum 1s sometimes
not as straightforward as indicated 1n Fig. 5. The exact location of the
outside potential peak on the outboard side of the end-cell midplane is
not known. Frequently, there is evidence of a local inside potential
maximum between the end-cell midpiane and the magnetic field maximum on
the inboard side of the end cell. Since the exact location of this inside
potential maximum is also not well known, neither ¢_ nor ¢, can be
determined precisely. Nevertheless, a set of data from LOP studies on
TMX-U allowed ¢, = ¢, - ¢, and T, . to be inferred from the TOF spectrum.
That data set is plotted in Fig. 6.

Figure 6 compares the axial confinement time from the measurement of
the CC plasma density and the ion end-loss current out the east end
according to Eq. (4) to the calculated axial confinement time according to
Eq. (5) based on the potential profile and CC ion temperature inferred
from the TOF spectrum. These data are accumulated over several different
shots.” A1l data were taken during unplugged operations on the west end.
For reasons not presently known, this single-sided plugging condition
produced breaks within the TOF spectrum that were more easily

14
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Figure 6. The experimentally measured axial confinement time, T [Eq.
(4)] vs the theoretically predicted value, T“heony [Eq. (5)] using TOF-
inferred values of $icand T,..

identifiable. There are two important features of the TOF spectra in
calculating the ion-confining potential. The low-energy break associated
with 'b in the spectrum of Fig. 6 1s assumed to signify the start of the
passing ions, to equal the potential difference between the thermal
barrier and the inner mirror, and to occur at the inner mirror

(B = 22 kG). The high-energy break assocfated with 'a in the spectrum of
Fig. 5 1s assumed to represent the loss-cone boundary for the passing
ions, to equal the potential difference between the thermal barrier and
the fon-confining potential, and to occur at the outer end-cell mirror

(B = 20 kG). The TOF-measured values of $1c/Tyc ranged from slightly less
than 1 to almost 4. The CC {on temperature, Tic' as Inferred from the
passing 1on distribution was nominally 100 eV. The data show that under
these circumstances the measured axfal confinement time in TMX-U follows
the expected Pastukhov axial confinement scaling given in Eq. (5).
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III. RADIAL TRANSPORT AND TOTAL CONFINEMENT

Total 1on particle confinement in TMX-U, as with other tandem
mirrors, encompasses both axial transport and radial transport. As for
the axial end losses, we also assume that the radial losses originate in
the central cell. Radial losses in the end cell [15] associated with the
ECRH and sloshing-beam heating systems can be present, but this additional
complication need not be considered for the conclusions drawn in this
paper. The following discussion follows closely a more complete
presentation in Ref. [2].

A. Radial Transport and the Particle Balance Equation

Radfal transport in a 1inear machine can manifest itself in two
Independent components: nonambipolar and ambipolar. A nonambipolar
radial current (nonequal ion and electron radial fluxes) consists of
radial 1fon losses being neutralized by axial electron losses to the end
wall [16,17]. An ambipolar radial current (equal ion and electron radial
fluxes) 1s not detectable directly with any charge-sensitive diagnostic;
hence, the magnitude of current must be inferred from particle balance
using the 1fon continuity equation [2]:

dN NA A
I=qE+I,+I'+I , (7)

where Is 1s the ifonization plasma-source current, similar to Eq. (4), N is
the total number of CC particles with q the electron charge, I" is the
axial ion-loss current, INA is the radial nonambipolar-loss current, and
IA 1s the residual loss current required to balance the equation. A
positive IA is attributed to outward ambipolar losses or measurement
errors (e.g., errors due to incomplete radial or azimuthal profile
measurements of particle losses). Although Eq. (7) 1s valid for a column
of any radius, this discussion focuses on the plasma core (CC radius e <
10 cm) because the uncertainty in Is from the influence of molecular

deuterium on the fonization source is the smallest in this region and

because of the remarks following Eq. (4). A Zogs coefficient is not
needed in Eq. (7) because low impurity concentrations have been measured
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(Zeff # 1) [2]. Figure 7 identifies schematically the terms of Eq. (7) as
they apply to the TMX-U geometry.

B. Particle Balance Diagnostics

Figure 1 gives the location of the key particle balance diagnostics
which we discuss next.

The measurements of the axial ifon-loss current density are obtained
at each end of TMX-U from a linear FC array equipped with biased grids
(-3 kV) to repel electrons. The term I, for the core is obtained by
assuming azimuthal symmetry and integrating the FC data for the core flux
tube as a function of time. The ELIS at each end measures the loss
current vs energy and mass near the plasma axis (r { 2 cm) [13].

The net axial electron current {s measured by radially and
azimuthally segmented plasma-potential control (PPC) plates on each end
wall [17]. These plates can be isolated from ground (10 kO to 1 M2) or
grounded. The IﬁA term in Eq. (7) 1s inferred from the sum of the
negative-electron current from the PPC plates that correspond to the core
flux tube (see Fig. 7).

The time rate of change of the total number of particles dN/dt is
calculated from 1ine-density measurements by microwave interferometers and
has the largest uncertainty of all the terms in Eq. (7). Several
interferometers located in the central cell are used to obtain approximate
axial and radial density profiles. As with the previous discussion of T“,

Nonambipolar radial ion loss
with net electron
axial loss — | l"A

lonization source — I.

Ambipolar radial
loss — 1 A

Axial ion loss — I"

=gdN NA , (A
lg=ag + ) I+

Figure 7. Particle sources and losses in a tandem mirror plasma.
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the radial profiles in the central cell are approximated by a Gaussian
with a 20-cm e-folding radius. The axial profile 1s assumed constant with
an effective cylindrical flux-tube length,ALc = 510 cm in the central
cell. The dN/dt term 1s calculated by Vd(n)/dt, where V 1s the core
plasma volume (constant in time) and n 1s the on-axis density derived from
the measured Tine density as indicated in the discussion following

Eq. (4).

The ionization source Is is obtained from absolutely calibrated
measurements of atomic deuterium Balmer-alpha Ha emissions at 6561 A. A
high-speed (0.5 ms/frame), filtered (30-A) video camera views the plasma
column from the end of TMX-U. The 1inear geometry of the tandem mirror
allows axial integration of the optically thin plasma emissions to obtain
a two-dimensional (radial and azimuthal) measurement of the total source.
Other camera systems located along the plasma column (viewing radially)
showed that most of the jonfzation occurs close to the gas-box source
located near the CC midplane where the plasma cross section is nearly
circular. Reference [2] discusses how the optical system is absolutely
calibrated and how the ionization current density 1s obtained by
multiplying the measured Ha brightness by an atomic physics factor, R:
the branching ratio between electron-impact ifonization and electron-impact
excitation followed by Ha emission. This R factor involves the ratio
between two cross sections and, for the TMX-U core plasma, is relatively
insensitive to electron temperature and density. The typical core plasma
conditions of TMX-U (CC density in the 1012 cm'3 regime and an electron
temperature of ~100 eV) indicate a value of R = 11 ionizations/photon [2]
with 210% variations in R over the usual range of plasma parameters. The
ionization current Is 1s obtained by integrating the two-dimensional
camera image that corresponds to the core flux tube. The resulting
current that is calculated 1s due to neutral atoms that are ionized;
direct molecular processes are not included. Near the plasma edge or at
lower electron density and temperature conditions within the core than
currently under discussion, R can be as large as 20 to 30 because of
molecular processes [2].

C. Particle Balance Measurements

Particle balance measurements during several months of TMX-U
operation with various plasma conditions found that above 1 to 3 x
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Eq. (7) dominates the particle balance.

Figure 8 illustrates two cases where the q dN/dt term is small,
i.e., no CC buildup. The Is term obtained from Ha emissions is compared
with the total of the directly measured current channels: IT = III + IEA +
q dN/dt. The largest contribution to IT for the Fig. 8a shot is I, (1.e.,
no axial “"plugging” and dN/dt 1s small after the initial buildup). The
disagreement during the initial phase (t { 25 ms) results from changes in

radial density profiles during the plasma buildup. In the steady-state

I is normally the dominant current channel, and below 1 x

either one or more of the remaining terms (IrA, f. q dN/dt) of

T l T s
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Figure 8. Two examples of negligible q dN/dt. (a) A case where ambipolar
transport Iﬁ 1s small. The term I derived from the Ha system 1s nearly
equal to IT: I“ is the largest term of IT. (b) A case where significant
Iﬁ_is present; IT is greater than Is until about 60 ms.
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phase, the good agreement between IT and I indicates that IA is small for

these data. This small IA also provides a ca]ibrat1on of the experimental
method and estimate of the associated errors (~20 to 25%). Under some
plasma conditions, however, we observed a significant ambipolar current
(see Fig. 8b). For the first 60 ms of this shot, I, 1s greater than the
total IT' implying a significant IA. Just before 60 ms, the CC Tine
density abruptly increases. At nearly this same time, the particle loss
current I“ increases so that IT increases and agrees more closely with Is.
The microwave interferometer signals were noisy during the period where Is
and I disagree, suggesting that a low-frequency (~10 kHz) fluctuation was
present [8]. This behavior was effectively minimized by controlling
machine parameters such as the ICRH power and gas fueling. Although the
exact cause of this behavior is uncertain these data 11lustrate the
importance of particle-balance measurements in a tandem mirror,
particularly the measurement of the ionization source to obtain If.
Figure 9 illustrates a case where q dN/dt is the largest term in IT'
Both I and INA terms are small with the particle buildup term equal to
the particle source (Is). The plasma heating systems were in the normal

10

Measured current (A)

" \‘ 'lL"End plug neulmal beams o:j
20 25 30 35

Time (ms)

Figure 9. Graph showing each term in the particle balance equation where
both I“ and IN are small and q dN/dt is positive (26 to 30 ms). Note
that IT = I“ + INA + q dN/dt > I starting at 26 ms (when the end-plug

beams are turned on), implying small If.
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thermal-barrier configuration as discussed in the previous section. The
ECRH systems were operating at approximately 100 kW (second harmonic at

5 kG) and 60 kW (fundamental at 10 kG); ICRH heating was employed in the
central cell. When the sloshing-ion neutral beams within the end cell
were turned on 25 ms 1nto the plasma shot, the axial particle loss current

I" decreased, as shown in Fig. 9. (The time scale has been expanded to
focus on the period where II and IrA are small.) Note the ™ term 1s
also small because the PPC plates are electrically isolated (10 ki
relative to ground--a similar shot with grounded PPC plates would yield
several amperes of IrA). The 1onization source Is and the total IT are
also compared in Fig. 9. During the period of hot-electron buildup

(0 to 26 ms), the calculated dN/dt term is first positive (0 to 22 ms),
followed by a short period where 1t is negative (22 to 26 ms); this change
may be caused by the constant V assumed 1n the analysis. After this
initial period, the positive dN/dt term offsets the difference between

the measured ionization source and the measured particle losses so that

IT p] Is' We use a constant value of R = 12.0 for these data, which
corresponds to the plasma parameters after 28 ms. From 26 to 28 ms, R may
be greater because of molecular penetration into the core, but this

actually brings I closer to I . Therefore, within the measurement
uncertainties, the outward term If is small for these data. In additionm,
both radial and axial loss channels are low during this time (albeit for
short duration), and the increase in the measured plasma density is
consistent with the increased confinement.

Before leaving this topic of radial transport and total confinement,
it should be pointed out that in TMX-U, inward ambipolar transport into
the core (rc € 10 cm) is not believed to be a problem nor 1s it required
for particle balance because the measured total loss currents are less
than or equal to the measured ionization current. Although assumptions
about azimuthal symmetry must be made, the same is true at radii beyond
the core. However, applying the particle balance equation to the whole CC
plasma (rc = 25 cm) shows that I, 1s usually greater than I; even before
accounting for ionization of molecules; therefore, the particle balance of
the entire CC plasma would 1mply significant values of If at large CC
radii.
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IV. CONCLUDING REMARKS

This paper summarizes TMX-U thermal-barrier plasma potential and
confinement results (Secs. II and III). Space 1imitations have not
permitted this paper to cover all the results from TMX-U reported in Ref.
[1].

The experimental results from TMX-U verified the thermal-barrier
concept in terms of the axial potential profiles and the resulting
electrostatic enhancement of axial confinement. TMX-U data showed the
axial confinement time to scale according to the predicted (Eq. 5)
Pastukhov time (Fig. 6) and demonstrated particle balance inside the
central-cell radial core along with density buildup until enhanced axial
confinement 1s lost (i.e., loss of plugging) (Fig. 9).

The performance of TMX-U has been summarized in TABLE I through
comparison of the maximum operating range between TMX-U and TMX. Many
parameters were increased in TMX-U relative to TMX; however, electro-
statically enhanced axial confinement (1.e., plugging), which was measured
and validated up to central-cell densities in the low 1012 cm'3 range,
could not be accomplished near the 1013 cm’3 design range.

As to the primary cause(s) of loss of plugging, a consistent
description at all densities 1s not available. The topic of changes in
axial potential and associated confinement continued to be one of the
primary investigative areas of TMX-U up to the last month of operation.
The thermal-barrier, tandém mirror geometry encompasses both Maxwellian
velocity distributions of potentially confined ions and electrons and non-
Maxwellfan velocity distributions of magnetically confined 1ons and
electrons. Presently, we cannot fully explain loss of plugging in terms of
the velocity distributions of the above four plasma species and of the
phase space loss-boundaries defined by mirror and electrostatic potential
confinement. Continued testing of theoretical models which properly
connect plasma densities, temperatures, and potentials would require a
larger data base where the particle balance (see Sec. III) for all loss
channels 1s known and where the potential profiles (see Sec. II) are
measured by diagnostics with a time response and signal sensitivity to
follow the temporal changes during loss of plugging.

In closing, TMX-U developed the heating methods and potential
diagnostics that allowed the demonstration of the thermal-barrier
configuration at modest densities (H1012 cm'3). At central-cell densities
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greater than 1 to 3 X 1012 cm'a, the existing heating systems (neutral
beams, ECRH, and ICRH) could not maintain the potential profile necessary
to provide electrostatic enhancement (plugging) of axfal confinement.
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